. The objective measure of sleep onset latency (SOL) in these disorders is traditionally based on electrophysiological measures obtained from nocturnal polysomnography (PSG) and/or multiple sleep latency tests (MSLT). Whereas these clinical tests provide accurate information about the transition from wakefulness to sleep, the requirement of specialized personnel highly increases the costs. This mandates the development of simpler sleepmonitoring systems which can reliably determine SOL in agreement with PSG measures.
INTRODUCTION
PSG during daytime naps in normal subjects. The temporal course of eyelid counts provided by the Nightcap was correlated with both PSG-defined sleep onset and with the temporal evolution of both alpha and theta spectral power during a period extending from 90 seconds before to 90 seconds after PSGdefined sleep onset.
METHODS
Ten paid subjects (five men and five women, between 20-25 years) with regular sleeping habits and apparent good health were recruited, and signed consent forms prior to study. The local ethics committee approved the study. All subjects arrived at the sleep laboratory at 08:30 and began the first nap one hour later. PSG recordings were performed using two EEG derivations (C3 and O1 referred to the ipsilateral mastoid), horizontal and vertical electrooculography (EOG), and submental electromyography (EMG). Electrophysiological measurements were recorded using silver-silver chloride disk electrodes filled with electrode cream and attached with either surgical tape (face placements) or collodion (scalp placements). Electrode impedance was kept below 10 Kohms. All electrophysiological variables were amplified and paper recorded on a Grass Model 8-10 polygraph (Grass Instruments, Quincy, MA), digitized (200 Hz, 12-bit resolution), filtered (EEG and EOG: 0.3-35 Hz; EMG: 5-70 Hz), and digitally stored on a Macintosh computer for subsequent off-line analysis. Analog outputs from both the Nightcap's eyelid and head movement sensors were digitized simultaneously. PSG recordings were visually scored by two experienced technicians for consecutive 30-second epochs according to standard criteria 2 without reference to Nightcap data. All those epochs differently scored were revised by the two technicians together.
Four nap trials were routinely performed in an acoustically isolated bedroom at two-hour intervals (09:30, 11:30, 13:30 and 15:30). Each nap was terminated either after 20 minutes of sleep or after 20 minutes of waking without electrophysiological signs of sleep as visually determined by PSG. Seven out of 40 naps were excluded from the analysis for the following reasons: failure of the subjects to fall sleep (four out of seven) as revealed by both PSG and Nightcap, technical problems with the Nightcap eyelid sensor (two out of seven), and technical problems with the EEG recordings (one out of seven).
Although the Nightcap monitors movements of the upper eyelid and head using two independent sensors, 6 results reported in the present study only concern eyelid behavior. Both sensors are connected to the main Nightcap unit, a 12 cm x 7 cm x 2.5 cm box containing signals detectors, A/D converters, a clock, and RS-232 serial port (for downloading data), and a microprocessor with 32 Kb of RAM. Eyelid movements are measured by an adhesive-backed, 25 mm x 7 mm piezoelectric film attached to the upper eyelid, which detects passive deformation of the lid caused by movement of the underlying eyeball, and active movements of the lid produced by contraction of the levator palpebrae muscle. An eyelid movement (ELM) is identified whenever the output of the piezoelectric film exceeds 10 mV during a 250-msec epoch. While sensitive to twitches of the eyelid muscle and rapid eye movements, it is insensitive to the slow rolling eye movements characteristic of sleep onset. 6 SOL PSG was defined in the present study as the elapsed time from lights-out to the first of three consecutive epochs of stage 1 without EEG arousals. This definition of SOL assures a minimum sleep continuity, generally eliminating the possibility of sleep onsets frustrated by arousals or awakenings. Because our pilot studies indicated that sleep onset could be reliably determined by the Nightcap system as the first of four consecutive 30-second epochs with no more than five ELMs, we also measured SOL by that criterion and compared it with the PSG value.
A period of 90 seconds before and after the PSG-defined sleep onset was used for spectral analysis. Selected artifact-free EEG epochs in central and occipital derivations were subjected to fast Fourier transform (FFT). A cosine tapered hanning window was applied to each epoch prior to FFT analysis. Power spectra with a resolution of 1 Hz were computed for consecutive 10-second windows. Finally, absolute power was log-transformed for a best fit with a normalized power distribution. Consecutive frequency bins were averaged to obtain classic frequency bands in the range of theta (4-7 Hz) and alpha (8-12 Hz) activity. Eighteen values (three per 30-second epoch) of absolute power (µV 2 /Hz) for theta and alpha bands were obtained over the three-minute sleep onset period, containing 90 seconds of relaxed wakefulness with closed eyes and 90 seconds of light sleep, for each subject and nap.
RESULTS

Identification of Sleep Onset with the Nightcap
The ability of the Nightcap to identify sleep onset as defined by PSG was determined from the mean percentage of agreement between data scored by the two methods. Figure 1 shows the distribution of discrepancies between SOLs determined by PSG (SOL PSG ) and Nightcap (SOL NC ). Only 4 of the 33 naps (12.1%) showed a difference in SOLs of more than one minute (i.e., more than two 30-second epochs), and almost two-thirds of the naps (69.7%) had differences of 30 seconds or less (zero or one EEG epoch). Figure 2 , SOL NC is plotted as a function of SOL PSG for each of the 33 naps. A linear regression best fit produced a correlation coefficient of 0.98 and a slope of 0.96, reflecting the near perfect match between the two sleep scoring systems. Similar correlation coefficients were obtained when each nap was analyzed separately (nap 1, r=0.98; nap 2, r=0.95; nap 3, r=0.96, nap 4, r=0.98; p<.0001 for each comparison). Only 1 out of 33 naps showed changes in the SOL NC if the scoring criterion was based on three epochs containing ≤5 ELMs instead of four. These data demonstrate a highly significant statistic relationship between the eyelid behavior measured by the Nightcap and the SOL calculated with PSG, suggesting that Nightcap can determine sleep onset latencies for normal subjects in a daytime nap protocol. Figure 3 shows the mean ELM density across the sleep onset period for each nap. On the basis of each nap, the ELM density was significantly higher during the 90-second pre-sleep than in the post-sleep onset period (paired t-tests: all naps combined, t=7.49, p<.001; nap 1, t=3.45, p<.011; nap 2, t=4.05, p<.004; nap 3, t=3.99, p<.005; nap 4, t=3.16, p<.016). These differences also reached statistical significance for each of the four naps when 60-second periods of pre-and post-sleep onset were compared (all naps combined, t=6.08, p<.001; nap 1, t=2.2, p<.064; nap 2, t=4.66, p<.002; nap 3, t=3.05, p<.019; nap 4, t=2.6, p<.035). When periods of 30 seconds immediately prior to and after sleep onset were compared, significant differences were still observed overall (t=4.73, p<.001). Separately, only two of the four naps 
ELM Density in the Transition to Sleep
Temporal Evolution of Alpha and Theta Power During the Sleep Onset Period
As expected, spectral power in the theta range (4-7 Hz) increased across the sleep onset period, while alpha (8-12 Hz) energy inversely decreased. These patterns were observed in all naps. Differences in the spectral power between 90-second preand post-sleep onset were significant in both frequency bands across all naps (t=-6.44, p<.001 for theta; t=7.2, p<.001 for alpha), as well as for each individual nap in each frequency band. Differences were most marked in the second and fourth nap for theta activity (nap 1, t=-2.92, p<.023; nap 2, t=-3.42, p<.009; nap 3, t=-2.57, p<.037; nap 4, t=-3.96, p<.005), and in the second and third nap for alpha activity (nap 1, t=2.4, p<.048; nap 2, t=3.54, p<.008; nap 3, t=5.52, p<.001; nap 4, t=3.38, p<.012). These differences did not reach statistical significance if only 30-second pre-and post-sleep onset were included.
Correlation of ELM Density and Spectral Power with Time Across Sleep Onset
The relative abilities of alpha and theta spectral power and ELM density to identify sleep onset is shown in Figure 4 . This figure displays the temporal evolution of theta power (left column), alpha power (middle column), and ELM density (right column) for each nap across the pre-(filled circles) and post-sleep onset (open circles) periods. In all four naps and for all three variables, significant correlations with time were seen across the sleep onset period (alpha power, r=0.70 to 0.87, p<.001 for each nap; theta power, r=-0.72 to -0.84, p<.001; ELM density, r=-0.84 to -0.92, p<.0001). However, no such correlation was seen within the separate pre-and post-sleep onset periods (alpha power, r=-0.34 to 0.57, p>.108 for each nap; theta power, r=0.28 to -0.59, p>.094) for the two spectral bands. In contrast, ELM density showed strong correlations with time in the pre-sleep onset period for all four naps (r=0.79 to 0.86, p<.009).
ELM density showed a greater discriminatory power than either spectral power measure for identifying sleep onset. Thus, when the best sleep onset discriminant values for alpha and theta power and ELM density were calculated (alpha power=2.75 µV 2 /Hz, theta power=2.78 µV 2 /Hz, ELM density=9.78 ELM/min), 11%-18% of the spectral power values for 10-second epochs (8 out of 72 alpha power values, 13 out of 72 theta power values) did not predict the PSG-determined sleep-wake state, compared to only 2.5% (2 out of 72) of the ELM density values.
Based on 10-second epochs, ELM density was thus markedly better correlated than either alpha or theta power with the onset of PSG-defined sleep. In addition, ELM density, but not alpha or theta power, showed a significant shift toward sleep values during the 90 seconds preceding sleep onset, thus more clearly heralding the impending onset of human sleep. 
Correlation of ELM Density with Alpha and Theta Power
ELM density was correlated with spectral power in the theta and alpha bands across the three-minute period extending from 90 seconds preceding to 90 seconds following sleep onset. The goal of this analysis was to determine whether ELM density can predict rapid fluctuations in alpha and theta power during the presleep and post-sleep onset periods. Within the three-minute period, correlation coefficients were highly significant (p<.005) except for the first nap, where they barely reached statistical significance (p<.03). When the same analysis was done for just the pre-sleep or post-sleep period, no significant correlations were found between ELM density and either alpha or theta power (alpha power, r=-0.36 to 0.61, p>.079; theta power, r=0.29 to -0.5, p>.169) except for alpha power during post-sleep onset period in the third nap (r=0.92, p<.001). Thus, while the Nightcap appears capable of predicting the shifts in cortical EEG that accompany sleep onset, it cannot reliably predict rapid and transient shifts in cortical EEG during the human sleep onset period.
DISCUSSION
The present study demonstrates that the Nightcap can reliably determine sleep onset latencies in normal subjects during daytime naps. This conclusion is based on the findings that 1) the average difference (compared to SOL PSG ) was only 45 sec, and the mean percentage of agreement was 93% (k=0.79), 2) SOL NC was within one minute of SOL PSG in 85% of the naps; and 3) changes in the eyelid behavior determined SOL PSG better than changes in spectral power within the theta and alpha bands.
Comparison of Present Results with Previous Studies
The Nightcap algorithm used to score sleep onset in the present study, four consecutive 30-second epochs with 5 eyelid movements or less per epoch, yielded SOL NC values that on average differed from SOL PSG by only 45 seconds. These results support those obtained in the first study of a prototype of the Nightcap, 5 in which it was reported that the Nightcap could predict sleep onset within 1.5 minutes. In a more recent study, Ajilore et al. 6 used an algorithm to score sleep onset that was more restrictive than in the current study: namely, the first of five consecutive minutes without eye or head movements. This rule scored SOL NC with an average delay of approximately seven minutes compared to SOL PSG .
The NightWatch home sleep monitoring system uses the same sensors and algorithms as used by Ajilore et al. 6 Using simultaneous PSG and NightWatch monitoring in the sleep laboratory, White et al. 7 studied patients suffering from sleep obstructive apnea. NightWatch correlated well (r=0.72) with total PSG-determined sleep time, and reasonably (r=0.54) with SOL PSG . The fact that we obtained a correlation coefficient of 0.98 between SOL PSG and SOL NC in the current study, explaining three times as much variance (r 2 =96% vs. 29%) as seen in the White et al. study, 7 suggests that the algorithm used in the present study enhances the Nightcap's ability to score normal sleep onset. However, it remains possible that the difference in correlation coefficients results instead from either the use of different populations (normal vs. clinical), or even from different definitions of sleep onset latency used in both studies.
Temporal Evolution of Eyelid Movements Vs. Theta and Alpha Spectral Power
Indices of cortical electrophysiological changes, such as the progressive decrease in alpha power and increase in theta power, provide another reliable description of the transition into sleep. As expected, the normal temporal evolution both in alpha and theta power across the pre-and post-sleep onset period was confirmed in the current study. However, no significant trend was seen for either spectral band within either the 90 seconds before sleep onset or the 90 seconds after onset. Thus, while spectral power distinguished wake from sleep with reasonable reliability, it did not track the gradual descent toward sleep before sleep onset or the sleep descent into sleep after sleep onset. In contrast, the Nightcap provided not only statistically significant discrimination between polysomnographically defined wake and sleep, but also tracked the descent toward sleep. From these and previous results we conclude that the Nightcap can effectively detect changes between brain macro-states-relaxed-wakefulness vs. sleep onset, and NREM vs. REM, 5, 6 as well as predict the upcoming onset of sleep.
The lack of correlation between ELM density and either alpha or theta power across the 90 second preceding sleep onset is interesting. One intuitive interpretation is that the Nightcap is simply unable to track rapid fluctuations in alertness and arousal as reflected in these EEG signals. But one must also take account of the fact that ELM density shows a pronounced and statistically significant decrease across this pre-sleep period, while the alpha and theta power levels remain statistically unchanged. This may mean that the Nightcap eye sensor picks up more dynamic signals of fluctuating levels of alertness than spectral analysis (see our model below).
The physiological changes that underlie the steady fall in ELM density in the 90 seconds preceding sleep remain unknown, but they presumably are to be found in the progression of neural events occurring in the oculomotor nuclei of the brainstem during the approach to sleep. Henn et al. 8 reported that during the spontaneous transition to sleep in monkeys, oculomotor neurons decreased their firing rates by 20% to 50%, saccade-related burst neurons showed a significant drop in maximum firing rates, and pause neurons (controlling eye fixation) went completely silent. Therefore, neural inputs from brainstem arousal system, which modulate activity patterns in cortico-thalamic networks involved in the blockade of sensory inputs, might maintain reciprocal connections with brainstem oculomotor nuclei, in order to trigger the oculomotor changes observed during sleep onset. However, no quantitative studies have systematically addressed this assumption.
Integration in a Physiological Model
One of the hallmarks of drowsiness is a loss of tonic activation of the levator palpebrae muscle, which normally holds the upper eyelid open. We hypothesize that the Nightcap measures this process as a declining number of small movements associated with decreases in tonic activation of the muscle. Thus, the processes of sleep onset and vigilance lapses may be quite similar since eyelid behavior has been capable of predicting performance decrements on vigilance tasks. Studies have clearly demonstrated that spontaneous eye blink rates positively correlate with performance on vigilance tasks, 9-11 and show a negative correlation with SOL. 12 The strong correlation of decreasing eyelid movements with approaching sleep onset further supports the suggestion that the Nightcap can serve as a vigilance monitor, as was indicated by several pilot studies. [13] [14] [15] The results obtained in the present study provide insights about a more precise physiological indicator of human sleep onset. The eyelid behavior measured by the Nightcap shows a greater correlation with the SOLPSG than the temporal evolution of theta and alpha spectral power (see Figure 4) . This asynchrony among cortical and oculomotor phenomena during the transition to sleep may be explained by considering the organization of the cerebral pathways involved in the generation of both EEG activity and eyelid movements.
Theta activity generation is dependent upon a septal-hippocampal feedback circuit which is indirectly affected by ascend-ing brainstem pathways from the reticular formation. 16 Theta activity reaches the cortex via hippocampo-cortical projections. On the other hand, alpha activity is independently generated in the cortex and thalamus, 17,18 the latter receiving projections from the reticular formation.
The brain circuitry involved in the generation of both brain activities and eyelid movements is schematically illustrated in Figure 5 . It is clear that the complexity of the cerebral networks involved in the alpha and theta generation is greater than in the case of eyelid movements, which are directly generated via innervation of the levator palpebrae muscle by the motoneurons confined to the brainstem oculomotor nuclei. 19 Thus, we propose that eyelid behavior could be a more sensitive physiological index of changes in the reticular formation of the brainstem during the transition to sleep.
At the same time, conditions that alter normal eye movements during sleep would clearly add a confound to this technique, and in some cases might make it inapplicable. For example, fluoxetine-induced oculomotor abnormalities have been reported, 20, 21 including large numbers of eye movements during all sleep stages 20 or selectively during NREM sleep. 21 If these atypical eye movements were present at sleep onset as well, it would prevent the Nightcap measurement of sleep onset. Other clinical conditions in which central dopaminergic transmission is altered as a result of neuropsychiatric disorders, (e.g., Parkinson's disease 22, 23 or schizophrenia 24, 25 ) might also produce atypical eye movements at sleep onset, since spontaneous eye blink rates are known to correlate with dopamine concentration in the rostral portion of the ventromedial body of the caudate nucleus. 26 In summary, the Nightcap is a highly reliable device for determining SOL either at night or during diurnal naps in normal subjects. Clinical validation studies are clearly needed to confirm its reliability in the assessment of pathological diurnal somnolence (e.g., narcolepsy and hypersomnia) and of insomnia subtypes. 
